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Introduction  °f  magnitude,  and  that  this  can,  under  certain  conditions, 

~  cause  laser-pumped  clock  performance  to  be  poorer  than 

An  important  motivation  for  diode  laser  optical  lamp-pumped  clock  performance.  The  paper  concludes 
pumping  in  the  gas-cell  atomic  frequency  standard  is  the  a  discussion  of  one  potential  means  of  mitigating  PM 

creation  of  a  low  power  clock  of  ultraminiature  conversion  in  laser-pumped  gas-cell  clocks, 

proportions  [1].  Not  only  will  such  a  clock  have 

application  in  hand-held  devices,  but  due  to  very  efficient  Origin  of  PM  to  AM  Conversion 

optical  pumping  the  ultraminiature  laser-pumped  clock 

should  have  performance  characteristics  greatly  exceeding  The  optical  intensity  of  a  light  beam  transmitted 

those  of  present  day  lamp-pumped  clocks  [2,3].  through  a  resonant  vapor,  I(z),  is  typically  described  in 

Unfortunately,  there  are  two  design  features  of  the  terms  of  an  exponential  attenuation  law  credited  to 

ultraminiature  laser-pumped  clock  that  constrain  this  Bouguer,  Lambert  and  Beer  [6]: 

vision.  First,  the  clock’s  resonance  cell  by  definition  must 

have  an  ultraminiature  length.  Consequently,  in  order  to  I(z)  =  lo  exp(-[N]az).  (1) 

generate  absorption  signals  with  a  reasonable  size  over  the 

short  path  length  the  alkali  vapor  density  must  be  high.  Here,  t  is  the  incident  intensity,  [N]  is  the  number  density 

High  alkali  vapor  density  yields  high  spin-exchange  rates,  of  absorbing  atoms,  a  is  the  absorption  cross-section  and 

which  broaden  the  clock  transition  [4].  Additionally,  and  z  is  the  depth  in  the  absorbing  medium.  However,  for  the 

perhaps  more  importantly,  the  optically  thick  vapor  present  purposes  it  is  better  to  consider  the  attenuation  law 

provides  for  the  very  efficient  conversion  of  laser  phase  as  a  consequence  Maxwell’s  equations,  where  it  is 

noise  (PM)  to  amplitude  noise  (AM),  thereby  degrading  rephrased  as  [7] 

the  clock’s  signal-to-noise  ratio  [5]. 


Here  we  discuss  PM  to  AM  conversion  in 
optically  thick  vapors,  and  its  role  in  determining  gas-cell 
clock  performance.  First,  a  brief  overview  of  the  PM  to 
AM  conversion  process  will  be  given,  highlighting  the 
fact  that  it  is  not  a  passive  feature  of  optical  propagation 
through  a  resonant  medium.  Rather,  laser  phase  noise 
creates  fluctuations  in  the  atom’s  complex  polarizability 
(i.e.,  optical  absorption  cross-section),  and  these  have  an 
exponential  influence  on  the  laser’s  transmitted  intensity 
noise.  Experimental  results  will  be  presented  showing 
that  the  PM  to  AM  conversion  process  can  increase  the 
relative  intensity  noise  of  transmitted  laser  light  by  orders 


z 

I(z)  =  I0  exp  -^flx'ldz'  .  (2) 

nJ 

v  o  ; 

In  Eq.  (2)  k  is  the  wavevector  of  the  light,  n  is  the  (real) 
refractive  index  of  the  medium,  and  x”  is  the  imaginary 
part  of  the  medium’s  electric  susceptibility. 

For  the  purposes  of  the  present  discussion,  it  is 
important  to  note  that  in  general  %  is  not  a  fixed  constant 
of  the  medium,  but  depends  on  the  field-atom  interaction. 
Specifically,  %  can  be  related  to  the  off-diagonal  (i.e., 
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coherence)  elements  of  the  atomic  density  matrix,  p.  To 
illustrate  this,  note  that  if  P(z)  is  the  electric  polarization 
in  the  medium  at  z  and  (p(z))  is  the  expectation  value  of 
the  electric  dipole  moment  at  z,  then 

[N](ji(z)>  =  P(z)  =  Re[x*(z)e(z)],  (3) 

where  e(z)  is  the  complex  field  amplitude: 

e(z)  =  E0  (z)  ei0)t,  (4) 

and  where 

(n(M)>  =  Tr[p(z,t)n]  =  2poRe[pgc(z,t)].  (5) 

In  Eq.  (5),  pge  essentially  describes  the  ground  state  and 
excited  state  superposition  created  by  the  field,  and  jlIq  is 
the  atomic  dipole  moment  associated  with  the  Ig)  — »  le) 
transition  (which  is  a  fixed  constant  for  a  particular 
transition  [8]).  Generally,  pge  can  be  written  as  the 
product  of  a  slowly  varying  term,  age,  and  a  term  rapidly 
oscillating  at  the  field  frequency: 

Pse(z)  =  crge  (z)  e’itot.  (6) 

Consequently,  Eqs.  (3)  through  (5)  may  be  manipulated  to 
yield 

2[N]u  r  n 

X'(z)  =  - —  Re|agc(z)|.  (7a) 

E0(z)  L  S  J 


2[N]u  r  -i 

X"(z)  =  - ^  Im[cge(z)J.  (7b) 

E0(z) 

Equation  (7b)  clearly  shows  the  relationship  between  the 
parameter  controlling  exponential  attenuation  of  light 
intensity,  x’\  and  the  field-atom  interaction  as  manifested 
in  the  density  matrix  coherence  term  <v 

In  the  case  of  a  weak,  monochromatic  field 
(weak  in  the  sense  that  saturation  of  the  1  g)  — >  le) 
transition  can  be  ignored  and  that  optical  pumping  effects 
are  minimal),  age(z)  -  Ec(z),  and  %”  is  a  constant  that  may 
be  removed  from  under  the  integral  sign  of  Eq.  (2).  The 
intensity  attenuation  law  obtained  from  Maxwell’s 
equations  is  then  equivalent  to  the  Bouguer-Lambert-Beer 
exponential  attenuation  equation.  However,  if  optical 
pumping  affects  the  population  distribution  of  the  atoms 


in  the  absorbing  medium,  then  %”  will  depend  on  z,  and  a 
more  complicated  intensity  attenuation  results. 

More  importantly  for  the  present  discussion,  if 
the  laser  is  not  monochromatic,  then  laser  phase 
fluctuations  will  induce  random  variations  in  Gge  [9].  As 
is  clear  from  Eq.  (7b),  the  laser-induced  fluctuations  in  the 
atomic  coherence  will  drive  stochastic  variations  in 
and  hence  stochastic  variations  in  optical  attenuation.  In 
this  way,  the  absorbing  medium  converts  laser  phase 
fluctuations  (PM)  into  laser  intensity  fluctuations  (AM) 
[5].  Moreover,  as  illustrated  in  Fig.  1  this  process  is 
nonlinear,  so  that  in  an  optically  thick  vapor  the 
conversion  of  PM  to  AM  can  increase  an  optical  beam’s 
relative  intensity  noise  by  orders  of  magnitude. 
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Figure  1:  Illustration  of  how  laser  phase  noise  results  in 
transmitted  laser  intensity  noise.  Initially,  laser  phase 
fluctuations  induce  fluctuations  in  the  real  and  imaginary 
components  of  the  absorbing  medium's  electric 
susceptibility.  These  in  turn  create  fluctuations  of  the  laser 
phase  and  intensity  inside  the  absorbing  medium.  As  the 
laser  beam  propagates  through  the  vapor  the  effects 
multiply.  In  this  paper  we  ignore  the  increase  in  laser  phase 
noise  as  it  propagates  through  the  vapor,  and  concentrate  on 
the  transmitted  laser  intensity  noise. 

It  should  be  noted  that  the  PM  to  AM  conversion 
process  is  not  a  passive  feature  of  the  absorbing  medium. 
It  would  be  incorrect  to  think  of  the  vapor  as  having  some 
frequency  dependent  transmission  function,  like  a  filter, 
and  that  laser  frequency  (i.e.,  phase)  fluctuations  alter  the 
detuning  between  the  field  and  the  transmission  function’s 
center.  Rather,  the  PM  to  AM  conversion  process  is  an 
active  feature  of  the  field-atom  interaction,  since  it  is 
fundamentally  related  to  field  induced  fluctuations  in  the 
atomic  coherence.  We  also  note  that  while  PM  to  AM 
conversion  is  an  unwanted  noise  source  for  our  purposes, 
it  has  application  as  a  spectroscopic  tool  [10]. 
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Magnitude  of  PM  to  AM  Conversion 

Figure  2  is  a  block  diagram  of  an  experiment  that 
we  performed  to  investigate  the  magnitude  of  PM  to  AM 
conversion  in  a  laser-pumped  gas-cell  clock  system  [5].  A 
Mitsubishi  diode  laser  with  a  linewidth  of  60  MHz  was 
tuned  to  the  Dj  transition  of  Rb87  at  794.7  nm  (i.e., 
52Si/2(F=2)  ->  52Pi/2).  The  pure  Rb87  vapor  was  contained 
in  a  cylindrical  Pyrex  resonance  cell  along  with  ten  torr  of 
N2.  The  resonance  cell  length  was  3.5  cm  and  its  diameter 
was  2.5  cm.  The  relative  intensity  noise,  RIN,  was 
defined  as  the  ratio  of  the  average  laser  intensity 
(measured  with  a  lock-in  amplifier)  to  the  low  frequency 
noise  amplitude  in  a  one  hertz  bandwidth  (measured  with 
a  spectrum  analyzer).  The  RIN  of  the  laser  was  measured 
prior  to  passage  through  the  resonance  cell  and  after 
passage. 


Figure  2:  Experimental  arrangement  that  was  used  to 
demonstrate  the  PM  to  AM  conversion  process  and 
determine  its  magnitude  in  an  atomic  clock  system. 

Figure  3  shows  the  results  of  the  experiment: 
laser  RIN  versus  laser  intensity.  The  laser  RIN  was 
measured  at  a  Fourier  frequency  of  209  Hz,  corresponding 
to  a  typical  modulation  frequency  used  in  the  gas-cell 
atomic  clock.  Circles  correspond  to  the  laser  RIN  after 
passage  through  the  resonance  cell,  and  with  the  laser 
tuned  on  resonance.  Diamonds  correspond  to  the  laser 
RIN  prior  to  passage  through  the  resonance  cell,  or  after 
passage  but  with  the  laser  tuned  off  resonance.  At  low 
light  intensities  propagation  through  an  optically  thick 
vapor  yields  a  nearly  two  orders  of  magnitude  increase  in 
laser  RIN.  Note,  though,  that  at  high  light  intensities  this 
enhancement  of  RIN  can  be  mitigated. 


-3.5  t 
-4.0 


o> 

9  -5.0  + 


-6.0 


T  =  43  °C 

•  •  0 

\  ®  T  =  39  °C 


T  =  30  °C  - 


Intrinsic 


”5*5  [  N-eL-d  o^oog, 


T  =  35  °C 


10  100  1000 

Laser  Intensity  [arb.  units] 


Figure  3:  Results  of  experiment  to  demonstrate  the 
magnitude  of  PM  to  AM  conversion  in  a  gas-cell  atomic 
clock  system.  Note  that  if  the  laser  RIN  was  shot-noise 
limited,  the  data  would  show  Log[RIN]  ~  -Vi  Log[I]. 


The  decrease  in  laser  RIN  with  intensity  is  a 
consequence  of  optical  pumping.  At  high  light  intensities 
optical  pumping  is  very  efficient,  and  the  number  of  atoms 
in  the  absorbing  state  is  reduced.  Consequently,  even 
though  the  (total)  number  density  of  vapor  phase  atoms  is 
high,  the  vapor  is  optically  thin,  and  the  PM  to  AM 
conversion  process  is  therefore  inefficient.  The  intensity 
where  this  “optical  pumping”  decrease  in  RIN 
enhancement  takes  place  is  a  sensitive  function  of 
temperature.  We  believe  that  this  is  related  to  the  role  of 
radiation  trapping  in  the  optical  pumping  process  [11,12]. 

Increase  of  RIN  on  Propagation 

As  indicated  by  Fig.  1,  a  hallmark  of  the  PM  to 
AM  conversion  process  is  its  increase  upon  propagation 
through  a  resonant  vapor.  This  was  demonstrated  with  an 
experimental  arrangement  similar  to  Fig.  2,  but 
monitoring  laser  induced  fluorescence  (LIF)  with  an 
avalanche  photodiode  (APD)  as  opposed  to  laser 
transmission.  The  resonance  cell  temperature  was  set  to 
50°C,  and  the  LIF  from  the  entrance,  middle,  and  exit  of 
the  resonance  cell  was  imaged  on  the  APD.  The 
resonance  cell  was  similar  in  design  to  the  one  used  in  the 
previous  experiment  except  that  it  was  filled  with  natural 
Rb  and  14  torr  of  Ne  as  a  buffer  gas  so  as  not  to  quench 
the  atomic  fluorescence.  Figure  4  shows  the  results  of  that 
experiment  with  relative  noise  defined  as  the  ratio  of  noise 
amplitude  at  200  Hz  (in  a  one  hertz  bandwidth)  to  the 
square  root  of  the  average  LIF  signal.  Consistent  with  the 
PM  to  AM  conversion  model,  the  laser  intensity  noise 
showed  a  22%  increase  on  propagation  through  the  vapor 
for  our  experimental  conditions. 
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Figure  4:  Results  of  experiment  to  demonstrate  increase  of 
laser  RIN  on  propagation  through  a  resonant  alkali  vapor. 

PM  to  AM  Conversion  and  Clock  Performance 
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Figure  5:  Results  of  an  experiment  to  investigate  the 
influence  of  PM  to  AM  conversion  on  laser-pumped  clock 
performance.  The  noise  voltage  and  signal  voltage  as 
measured  by  the  clock’s  photodetector  are  relative  to  the 
values  these  parameters  had  under  normal  lamp-pumping. 


In  order  to  assess  the  significance  of  PM  to  AM 
conversion  on  laser-pumped  gas-cell  clock  performance, 
we  measured  the  clock  signal  level  and  noise  level  in  a 
commercial  Rb  atomic  clock.  Essentially,  we  replaced  the 
Rb  rf-discharge  lamp  with  our  diode  laser  in  a  commercial 
Rb  clock  that  we  had  modified  for  our  experimental 
purposes.  We  swept  the  clock’s  microwave  frequency 
across  the  alkali  hyperfine  transition  in  order  to  measure 
the  clock  signal  amplitude,  and  then  tuned  the  microwave 
frequency  to  resonance  and  measured  the  clock  signal’s 
noise  level.  The  clock  signal  and  noise  were  measured  via 
the  clock’s  internal  photodetector.  Microwave  power  and 
resonance  cell  temperature  where  kept  at  their  nominal 
(i.e.,  lamp)  operating  values. 

The  experimental  results  are  shown  in  Fig.  5, 
where  the  laser-pumped  clock’s  signal  level  and  noise 
level  are  plotted  as  a  function  of  input  laser  intensity.  The 
signal  level  and  noise  level  are  shown  relative  to  the 
values  measured  for  the  lamp-pumped  clock.  As 
expected,  optical  pumping  with  the  laser  increased  the 
clock  signal  by  more  than  an  order  of  magnitude  over 
what  could  be  attained  with  lamp  optical  pumping. 
However,  under  the  clock’s  nominal  operating  conditions 
the  noise  level  was  also  increased,  and  by  more  than  two 
orders  of  magnitude  due  to  efficient  laser  PM  to  AM 
conversion.  Consequently,  for  these  experimental 
conditions  the  laser-pumped  clock’s  signal-to-noise  ratio 
would  be  poorer  than  the  lamp-pumped  clock’s  signal-to- 
noise  ratio. 


We  wish  to  emphasize  that  the  results  shown  in 
Fig.  5  do  not  imply  that  laser  optical  pumping  in  the  gas¬ 
cell  clock  is  worse  than  lamp  optical  pumping  as  a  general 
matter.  As  demonstrated  by  Mileti  et  al.  [13]  this  is 
certainly  not  the  case.  Rather,  the  results  of  Fig.  5  should 
be  seen  as  cautionary  with  regards  to  the  simple 
replacement  of  a  lamp  with  a  diode  laser  in  a  gas-cell 
clock.  Apparently,  PM  to  AM  conversion  in  the  laser- 
pumped  clock  has  a  more  deleterious  influence  on 
stability  than  it  does  in  a  lamp-pumped  clock. 
Consequently,  as  pointed  out  by  Mileti  et  al.  [13],  in  order 
to  achieve  the  ultimate  in  short-term  performance  from  a 
laser-pumped  gas-cell  clock  one  must  work  to  reduce  the 
influence  of  PM  to  AM  conversion  on  the  clock’s  signal- 
to-noise  ratio. 

Mitigating  PM  to  AM  Conversion 

The  efficiency  of  PM  to  AM  conversion  in  a 
laser-pumped,  gas-cell  clock  depends  on  at  least  three 
parameters:  the  laser  linewidth,  the  vapor’s  optical  depth, 
and  the  degree  of  optical  pumping.  Laser  linewidth 
affects  the  conversion  efficiency  because  the  linewidth  is 
proportional  to  the  variance  of  phase  fluctuations  [14], 
and  the  greater  the  initial  PM,  the  greater  the  converted 
AM.  Optical  depth  plays  a  role  because  efficient 
conversion  requires  non-negligible  absorption.  Since  the 
optical  depth  of  a  vapor  is  related  to  the  number  density  of 
atoms  in  the  absorbing  state,  and  since  this  is  controlled 
by  optical  pumping,  the  degree  of  optical  pumping  enters 
as  a  parameter  controlling  the  PM  to  AM  conversion 
efficiency. 
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Though  it  should  be  possible  to  mitigate  PM  to 
AM  conversion  on  atomic  clock  performance  through  one 
or  all  of  these  parameters,  achieving  that  mitigation  may 
not  be  trivial.  Clearly,  laser  pumping  in  the  clock  is  best 
performed  with  a  narrow  linewidth  diode  laser.  However, 
constraints  on  overall  clock  size  and  clock  operating 
power  could  force  the  use  of  diode  lasers  with  linewidths 
that  are  not  optimal  from  a  PM  to  AM  conversion 
perspective.  Additionally,  the  relationship  of  optical 
pumping  to  clock  performance  in  the  presence  of  PM  to 
AM  conversion  is  fairly  complicated.  For  example,  on  the 
one  hand  clock  signal  is  increased  by  optically  pumping 
all  atoms  from  one  hyperfine  manifold  into  the  mF=0 
Zeeman  sublevel  of  the  other  manifold.  However,  upon 
resonant  interaction  with  the  microwaves  a  large  fraction 
of  these  atoms  return  to  the  absorbing  mF=0  state  and  give 
rise  to  efficient  PM  to  AM  conversion.  Alternatively,  if  a 
large  fraction  of  the  atoms  optically  pumped  from  one 
manifold  into  the  other  reside  in  Zeeman  sublevels  with 
mfs*0,  then  fewer  atoms  will  be  returned  to  the  absorbing 
state  upon  resonant  interaction  with  the  microwaves,  and 
hence  there  will  be  reduced  PM  to  AM  conversion;  of 
course  there  will  also  be  a  reduced  clock  signal  under 
such  conditions.  Finally,  if  a  clock  signal  is  generated  via 
laser  transmission  through  the  vapor,  then  one  is 
constrained  to  work  with  optically  thick  vapors  (i.e., 
[N]oL  ~  2-4). 

One  means  of  mitigating,  though  perhaps  not 
eliminating,  PM  to  AM  conversion  is  through  LIF 
detection  of  clock  signals.  As  a  consequence  of  spatial 
diffusion,  the  degree  of  optical  pumping  in  a  gas-cell 
clock  is  not  uniform  along  the  length  of  the  vapor.  The 
population  imbalance  between  the  two  alkali  mF=0 
sublevels  is  zero  at  the  entrance  and  exit  of  the  resonance 
cell,  and  reaches  a  maximum  somewhere  near  the  middle 
of  the  resonance  cell  [15].  When  this  fact  is  coupled  with 
the  observation  that  PM  to  AM  conversion  increases  upon 
propagation,  one  would  conclude  that  there  must  be  some 
optimal  axial  position  associated  with  the  clock’s  signal  to 
noise  ratio  (i.e.,  an  axial  position  where  optical  pumping 
and  hence  clock  signal  is  large,  but  PM  to  AM  conversion 
is  relatively  small).  This  optimal  axial  position  could  be 
accessed  by  imaging  the  region  onto  an  APD,  and 
detecting  the  clock  transition  as  an  LIF  signal. 

As  a  first  step  in  exploring  the  utility  of  an  LIF 
gas-cell  clock,  we  imaged  the  entire  length  of  our  natural 
Rb/Ne  resonance  cell  onto  an  APD,  and  measured  the 
clock  signal  amplitude,  S,  linewidth,  Av,  and  noise  level, 
N,  in  order  to  estimate  the  Allan  standard  deviation  [16]: 


Here,  ve  is  the  Rb87  ground  state  hyperfine  splitting. 
(Note  that  we  did  not  infer  shot  noise,  but  measured  the 
noise  in  a  one  hertz  bandwidth  with  a  spectrum  analyzer  at 
200  Hz.)  The  estimated  Allan  standard  deviation  as  a 
function  of  resonance  cell  temperature  is  shown  in  Fig.  6. 
At  low  temperature,  there  was  little  fluorescence  due  to 
the  low  alkali  vapor  density,  and  hence  the  clock  signal 
was  small.  At  higher  temperatures  PM  to  AM  conversion 
contributed  significantly  to  the  noise  level.  The  point  to 
note  is  that  without  any  optimization  as  to  light  collection 
geometry,  the  estimated  Allan  standard  deviation  reached 
10'12  levels.  (We  did  perform  a  rudimentary  optimization 
with  regard  to  light  intensity  and  microwave  power.) 
Consequently,  LIF  detection  with  an  APD  is  a  viable 
means  of  clock  signal  detection,  and  its  potential  for  axial 
position  discrimination  may  reduce  the  influence  of  PM  to 
AM  conversion  on  laser-pumped,  gas-cell  clock 
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Figure  6:  Estimated  Allan  standard  deviation  as  a  function 
of  resonance  cell  temperature  for  an  LIF  clock  signal. 

Conclusions 

In  this  paper  we  have  discussed  the  role  of  PM  to 
AM  conversion  in  determining  gas-cell  clock 
performance.  Following  a  brief  overview  of  the  PM  to 
AM  conversion  process,  where  it  was  noted  that  the 
conversion  process  should  not  be  viewed  as  a  passive 
feature  of  the  absorbing  medium,  experimental  results 
were  presented  showing  that  the  converted  AM  noise  has 
the  potential  to  seriously  degrade  laser-pumped  gas-cell 
clock  performance.  One  method  of  mitigating  PM  to  AM 
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conversion  is  to  employ  very  narrow  linewidth  diode 
lasers  for  optical  pumping.  A  complimentary  strategy 
outlined  here  employs  LIF  detection  of  gas-cell  clock 
signals.  Basically,  since  PM  to  AM  conversion  increases 
on  propagation  through  an  absorbing  medium,  it  should  be 
possible  to  image  an  axial  region  on  an  APD  that  has 
relatively  large  signal  amplitude  but  relatively  low  PM  to 
AM  conversion  noise.  We  intend  to  continue  our 
investigations  into  mitigating  strategies  for  PM  to  AM 
conversion,  and  in  particular  to  examine  the  role  of 
radiation  trapping  in  the  optical  pumping  process  and  how 
this  influences  PM  to  AM  conversion. 
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TECHNOLOGY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  "architect-engineer"  for  national  security  programs,  spe¬ 
cializing  in  advanced  military  space  systems.  The  Corporation's  Technology  Operations  supports  the 
effective  and  timely  development  and  operation  of  national  security  systems  through  scientific  research 
and  the  application  of  advanced  technology.  Vital  to  the  success  of  the  Corporation  is  the  technical 
staffs  wide-ranging  expertise  and  its  ability  to  stay  abreast  of  new  technological  developments  and 
program  support  issues  associated  with  rapidly  evolving  space  systems.  Contributing  capabilities  are 
provided  by  these  individual  Technology  Centers: 

Electronics  Technology  Center:  Microelectronics,  VLSI  reliability,  failure  analysis, 
solid-state  device  physics,  compound  semiconductors,  radiation  effects,  infrared  and 
CCD  detector  devices,  Micro-Electro-Mechanical  Systems  (MEMS),  and  data  storage 
and  display  technologies;  lasers  and  electro-optics,  solid  state  laser  design,  micro-optics, 
optical  communications,  and  fiber  optic  sensors;  atomic  frequency  standards,  applied 
laser  spectroscopy,  laser  chemistry,  atmospheric  propagation  and  beam  control, 
LIDAR/LADAR  remote  sensing;  solar  cell  and  array  testing  and  evaluation,  battery 
electrochemistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center:  Evaluation  and  characterization  of  new 
materials:  metals,  alloys,  ceramics,  polymers  and  composites;  development  and  analysis 
of  advanced  materials  processing  and  deposition  techniques;  nondestructive  evaluation, 
component  failure  analysis  and  reliability;  fracture  mechanics  and  stress  corrosion;  analy¬ 
sis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch  vehicle 
fluid  mechanics,  heat  transfer  and  flight  dynamics;  aerothermodynamics;  chemical  and 
electric  propulsion;  environmental  chemistry;  combustion  processes;  spacecraft  structural 
mechanics,  space  environment  effects  on  materials,  hardening  and  vulnerability  assess¬ 
ment;  contamination,  thermal  and  structural  control;  lubrication  and  surface  phenomena; 
microengineering  technology  and  microinstrument  development. 

Space  and  Environment  Technology  Center:  Magnetospheric,  auroral  and  cosmic  ray 
physics,  wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric  and 
ionospheric  physics,  density  and  composition  of  the  upper  atmosphere,  remote  sensing, 
hyperspectral  imagery;  solar  physics,  infrared  astronomy,  infrared  signature  analysis; 
effects  of  solar  activity,  magnetic  storms  and  nuclear  explosions  on  the  earth's  atmos¬ 
phere,  ionosphere  and  magnetosphere;  effects  of  electromagnetic  and  particulate  radia¬ 
tions  on  space  systems;  component  testing,  space  instrumentation;  environmental  moni¬ 
toring,  trace  detection;  atmospheric  chemical  reactions,  atmospheric  optics,  light  scatter¬ 
ing,  state-specific  chemical  reactions  and  radiative  signatures  of  missile  plumes,  and 
sensor  out-of-field-of-view  rejection. 


